Introduction
All of the current methods designed to improve blood flow to compromised vascular beds involve some element of trauma to the arterial wall. This comes about in a variety of ways, each of which is unique to the injury which occurs and how healing will progress. For nearly all forms of endovascular therapy the atherosclerosis for which the treatment is being applied is left in place with the lumen widened by tearing the arterial wall adjacent to the plaque down to the level of the adventitia. One possible exception is the case with atherectomy devices where an attempt is made to debulk the lesion by removal of the plaque. But even here it is rare for the entire diseased mass of tissue to be completely removed. So, in these cases, arterial healing involves remodelling of the arterial wall to conform to its new dimensions.
In the case of direct arterial surgery, the nature of the injury varies by site. In the case of the carotid bifurcation, the entire plaque is removed down to the outer fibres of the media and inner layers of the adventitia. A very similar procedure is often carried out in peripheral arteries where an endarterectomy can be performed over relatively long segments. The best example of this is the superficial femoral artery. With arterial grafting procedures with prosthetic devices, the disease is not disturbed but simply bypassed with the only injury occurring at the sites in the arterial system that are opened and fashioned to accept the graft. A unique situation develops when vein grafts are used for the bypass procedure. In this setting, we not only have the arterial wall injury at the site of the anastomoses but the vein graft, which in its harvesting may also be injured to varying degrees. The vein becomes arterialized developing compliance characteristics that mimic those of the arteries to which they are attached. ' Healing has been traditionally defined as restoration of the injured site to that state which existed prior to the insult. In the case of an artery, it would ideally mean resurfacing of the injured site with endothelium that not only presents an antithrombotic surface but is a barrier to the proliferation of smooth muscle. As we now know, this does not always occur with the outcome being a restenosis and in some cases occlusion of those target sites. The effect of this on the patient varies depending upon several factors which include the metabolic demands of the tissue being supplied. For example, in the case of a coronary artery or one supplying the leg, restenosis if severe enough would be expected to produce the very symptoms that it was intended to treat. In the case of the carotid artery, restenosis is nearly always benign since the tissue that forms rarely ulcerates even with high-grade lesions.s-' In addition, the collateral circulation via the Circle of Willis can usually maintain cerebral blood flow within a normal range.
The process which develops after injury involves proliferation of smooth muscle leading to the description of the process as myointimal hyperplasia. This process is so frequent and such a major cause of interventional failure that a great deal of research both in the basic science and clinical area has been mounted to try to better understand and prevent its occurrence.s-? Simplistically, we know that once the endothelium is denuded and the underlying smooth muscle is injured, smooth muscle proliferation begins very rapidly. In the rat model of arterial wall injury, there is increased replication for up to 6 weeks after a balloon injury has been produced. This is an interesting and important observation because we know that in the human a similar time course of events can occur. It is also well known that if the luminal surface becomes resurfaced with endothelium, the process will not occur. Whether or not this is entirely true when referring to vein grafts will be considered in more detail later.
How do we study healing?
In clinical medicine (and this pertains to nearly all arterial beds) the development of restenosis after injury is only suspected when there is a recurrence of symptoms. Until recently, it had been generally thought that problems that develop within the first year are due to myointimal hyperplasia whereas those that occur later are due to recurrent atherosclerosis. However, the situation is much more complicated depending upon the arterial segment being injured and the amount of residual atherosclerosis that is left behind. In the case of the carotid bifurcation where the disease is totally removed, recurrent atherosclerosis is rare during the first two years after operation. Nearly all recurrent lesions found prior to that time are secondary to myointimal hyperplasia.
The conventional approach to studying healing complications has been arteriography. While this method is good for defining some aspects of the problem, it tells us virtually nothing about its time course. Nonetheless, even with these shortcomings nearly all clinical studies have used this approach to define the incidence of the problem. However, it is nearly impossible to use arteriography on a regular and frequent basis to study the time-course of events. Secondly, it is too costly and potentially too dangerous for the~a tient. Thus with this method we are usually confined to one study at one point in time when the patient has a solid clinical indication for restudy. Nonetheless, this is the most common and only approach used for the problem of restenosis in the coronary arteries which have been the site of greatest interest.
Are there other approaches?
In order to consider alternative methods for studying restensosis, we must first outline the vessel~of interest, what can develop and why they are umque.
1) The coronary arteries. Here, balloon angioplasty with or without a stent is a very commonl~performed procedure. It is unique in that the disease remains behind and is combined with direct injury to the medial smooth muscle and perhaps adventitia as well. This may also be com~romis~~by th~development of thrombus at the SIt~.of mjury with its potential for problems. The clinicalconsequences can be recurrent angina and myocardial infarction.
2) Peripheral arteries. When endovascular methods are considered here, it is important to s~parate those arteries .proximal to the inguinal ligament from those distal to that anatomical landmark. For the aortoiliac segment, restenosis after stand~rd bal~oon angioplasty with or without a stent IS relatively uncommon. Distal to the inguinal ligament, the peripheral arteries certainly respond well acutely to balloon injury but the restenosis rate is very high and it generally Occurs early.
3) The carotid artery is one of the few areas where we have the opportunity of studying a 'pure' model of myointimal hyperplasia. It is somewhat analogous to the balloon injury model in animals where the injury is removal of the endothelium and damge to the underlying smooth muscle. The recurrent stenosis rate after carotid endarterectomy ranges from 10% to 20% with some suggestion that these lesions can regress.s-" The clinical consequences are usually minor even with relatively high-grade stenoses. This is due to two major facts: these lesions rarely ulcerate to become a source of emboli and the collateral circulation to the ipsilateral hemisphere via the Circle of Willis is able to maintain cerebral blood flow within normal limits in most cases even with high-grade stenoses.
4) The saphenous vein graft is the most commonly used autologous conduit for bypassing arterial lesions in the heart and in the leg below the inguinal ligament. While these are not arteries, when implanted they will assume not only the delivery role of an artery but will develop changes in the wall that will come to match closely to the properties of the arteries to which they are attached. I From a clinical standpoint it appears that the response to injury in vein grafts is very similar to that seen in arteries. In fact, the incidence of restenosis appears to be the same as that observed elsewhere.P'F Since these are placed in arterial beds that require the increased flow for proper function, any process that narrows the graft may lead to a recurrence of symptoms and, in some cases, thrombosis with loss of the conduit.
Noninvasive methods of study
For peripheral arteries, it is possible to monitor the haemodynamic effects of intervention by the measurement of the ankle/brachial systolic pressure index. It is well established that a fall of greater than 0.15 signifies a significant change but does not tell the observer the reason for the fall. l3 Obviously, it could reflect either the development of restenosis or progression of the underlying disease at sites removed from the graft. This method while suitable for clinical follow-up purposes is not adequate for monitoring the changes in the vessel wall that occur at sites of injury. This applies both to endovascular therapy and to bypass grafting with saphenous vein.
Ultrasonic duplex scanning has rapidly become the diagnostic procedure of choice for both screening and follow-up of patients with vascular disease wherever it occurs. Its great advantages are obvious. It is noninvasive and safe and can be repeated as often as needed or desired to follow the course of disease. The systems consist of two major components -the B-mode imaging and the pulsed Doppler which gave rise to the name duplex. 14 It was first described in 1974 and since that time there have been several advances both in the technology and its application which make this a valuable method. 15 ,16 However, it is Ultrasonic markers ofarterial wallhealing 177 necessary to review briefly how the systems are being used and how this pertains to the subject being considered.
During the development of the system, Doppler technology advanced very rapidly with image quality lagging behind. Since the pulsed Doppler system could be used to selectively study flow at any discrete point within the ultrasonic image, areas of narrowing could be characterized by the expected increase in velocity. With the passage of time, algorithms were developed permitting areas of narrowing to be classified into clinically useful categories.P-w The area which developed first was analysis of carotid bifurcation atherosclerosis. Numerous studies have been performed demonstrating its accuracy in detecting and grading areas of narrowing with a level of accuracy that is comparable to arteriography. 19 For most applications, the B-mode image was the road map for steering the sample volume of the pulsed Doppler to intended sites of interest.
Our own studies of the carotid artery after endarterectomy showed that recurrent stenosis occurred in 20% of patients with some of these lesions appearing to regress.f These myointimal lesions usually appeared within the first few months after operation. They could develop very rapidly in some patients and then suddenly stop growing. It must be emphasized that, during the early studies of this problem, the lesions were detected by velocity changes at the site of operation and not by direct visualization of the lesion itself on the B-mode image.
Expanded role of imaging
For many applications in medicine, a good image is of great importance to physicians. We are taught to be 'pattern recognizers' throughout our careers and many of the diagnostic methods in cardiovascular diseases involve the study of images. As noted above, the most common and widely applied diagnostic method is arteriography which provides an image of the lumen of the vessel from which it is possible to estimate the degree of diameter compromise and in some cases the nature of the intimal surface. In fact this is and remains the only tool available to cardiologists who are interested in the outcome after some form of intervention. While endovascular ultra-sound is being used more frequently to assess the arterial wall, its use is still severely limited due to the need to instrument the arterial system .s?
It became clear to us that the only good method of documenting the healing response of the arterial wall would involve the use of a modality such as high-resolution ultrasound. It has the capability for repeat studies following intervention and could , in theory, provide a running inventory of the changes as they are taking place. There are two areas that are ideal for this purpose. The first is the carotid bifurcation with the second being saphenous vein grafts in the leg. These vessels are close to the skin and have a high enough incidence of problems after operation to be suitable for documenting how the vessel wall responds during the healing phase. Since the problems are a little different for these two areas, they will be considered separately.
Carotid bifurcation
For reasons that are not well understood, atherosclerosis tends to be confined to the bulb itself.2 1 While there is nearly always intimal and medial thickening in the common carotid leading up to the lesion in the bulb, the internal carotid artery beyond the bulb is nearly always normal. It is this fact that makes carotid endarterectomy feasible. In addition, it is possible to completely remove the complicated plaque leaving behind remnants of the media and the adventitia. In essence, we have a 'pure' model to enable us to study how the residual smooth muscle responds to the trauma of operation and the injury to the wall that occurs.
Pignoli et al. made an important observation
relating to the ultrasonic appearance of the intima and media.P They noted that, with ultrasound, it was possible to measure accurately the total thickness of the intima and media. The ultrasonic appearance of these two layers is shown in Figure   1 . It is best seen and measured on the posterior wall of an artery at a point where the sound beam is perpendicular to the wall. The thickness of this layer has been shown in several studies to be related to those risk factors commonly associated with the development of atherosclerosis.
As our ultrasonic imaging methods improved, it became possible to study the endarterectomy site in great detail. As noted in Figure 2 , there are several features of the early ultrasonic appearance that are distinctive. With the current resolution of the systems, one can visualize the sutures in the anterior wall, permitting re-examination of the same sites at each visit. It became apparent that there were distinct changes taking place after operation that could be quantified and might permit a more realistic insight as to how the endarterectomized surface responded over time.
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Some carotid arteries quickly developed a 'double line' which was very similar to that observed by Pignoli et al. In other cases, this double line did not appear and was associated with the development of what appeared to be myointimal hyperplasia.
To examine this more closely, we instituted a protocol which permitted us to examine, on a regular timetable, the 'healing' that took place in patients who underwent carotid endarterectomy. The patients were studied at two weeks, and one, two, three, six, 12, 18 and 24 months after operation. The sites examined included the distal common carotid artery, the site of plaque transection and the endarterectomized segment itself. At each examination, the sutures were used as the fiducial markers to ensure that we had returned to the same site at each visit. We only examined the posterior wall since it is this site where the greatest resolution is possible. To date we have included (Figure 3) . 3) In two arteries, the double line did not appear and in each case a restenosis developed. When this occurred, homogeneous material could be seen with indistinct boundaries on its lumenal surface (Figure 4 ). 4) In one patient, a double line appeared but was followed by the development of a restensosis. 5) The numbers are obviously small but at this stage the differences are significant (p < 0.05, Fisher's exact test).
Saphenous vein grafts
This is the other site where the healing response most accurately reflects a 'pure' smooth muscle response. For these conduits there are two different parameters that are routinely used for study. The first is the velocity changes across sites of new problems and the detection of hyperplastic lesions on the B-mode image ( Figure 5 ). We have also carried out a prospective study of 63 grafts with a mean follow-up of 20.2 months.P These grafts were studied at one, two, three, four, six, nine, 12 and 18 months. At the time of each visit, the following studies were done: 1) Measurement of the anklelbrachial index.
2) Inflow arteries to the graft were scanned and graded as to the degree of disease present.
3) The entire graft was scanned looking for new areas of involvement.
Rgure 3 By three months, the artery illustrated in Figure 2 has developed a dist inct double line. This patient did not develop a restenosis during follow-up. 4) The anastomoses were scanned. 5) The outflow arteries from the graft were scanned. 6) Any lesion found in the inflow or outflow arteries was presumed to be secondary to atherosclerosis while that at the anastomoses was considered to represent myointimal hyperplasia. 
Results
In this study there were a total of 158 lesions detected. The sites where these were detected are shown in Table 1 .
Significance of findings for future research
Clearly , these studies are small but provide clues to the problems of vascular injury and illustrate how such sites and the methods employed can serve as ideal testing grounds for studying myointimal hyperplasia in the absence of atherosclerosis as a potentially complicating fea- ture. These are the only sites where such studies are possible. While mechanical methods of atherectomy might provide a similar model for study, it is unlikely that the underlying atherosclerosis will be removed in its entirety. This is a real problem since most clinical trials designed to study methods of interfering with the proliferation of smooth muscle have not examined sites where the atherosclerotic lesion has been removed in its entirety. Since all of these trials have failed to show any effect on the incidence of restenosis after arterial intervention, one cannot be sure why they failed.
There are questions about our findings which need to be addressed. First, does the double line that forms in the endarterectomized segment represent resurfacing of the area with endothelium? While it has the appearance ultrasonically of the double line seen in normal arteries, we cannot be certain it is the same. We have not and perhaps never will be able to answer this short of a direct examination of the tissue itself so, at present, all we can say is that it appears to be a barrier to the proliferation of smooth muscle. Secondly, it is likely that the endarterectomized surface is rapidly covered by either a layer of platelet-thrombus or a combination. Ultrasound cannot resolve this so we cannot derive any information about the role of either in the healing process.
With saphenous vein grafts, we have another unique opportunity of studying restenosis in a different human model system. As noted above the incidence of restenosis of saphenous vein grafts very closely mimics that seen in the injured arterial wall. The injury that occurs here is with harvesting and at the sites where the vein is attached Figure 6 In this femoral-peroneal vein graft a distinct restenosis has been discovered as shown by the arrows. This is consistent with myointimal hyperplasia. to the artery. In practice, there are two varieties used by surgeons. The first is referred to as 'insitu'. Here, the vein is left in its bed but the valves are destroyed permitting antegrade flow. With the reversed saphenous vein graft the vein is totally removed and reversed. In this case there is no instrumentation of the vein itself. It appears that the incidence of restenosis is not different in these two groups so they are considered together.
We know that a double line can also be seen in normal veins and after placement for bypass grafting. What we don't know at the moment is to what extent the endothelium in the vein graft survives harvesting. Even if it survives the implantation, it is also not clear if it is normal in terms of its function. We have not yet had an opportunity of studying this aspect of vein grafts in any detail but have had to depend upon visualization of the sites of hyperplasia and documenting these with velocity changes across these areas. However, the findings are similar to those in the carotid artery -the lesions will develop quickly and can in some circumstances even appear to regress.
While it might appear that such studies are of interest only to surgeons, it is my view that they should be used more extensively for prospective evaluation of methods designed to interfere with the development of myointimal hyperplasia. They provide the opportunity of sequential studies which is not feasible in the coronary circulation.
